An effective, dense and well adherent coating was produced on 430SS that has the result of significantly reducing the oxidation rate of this alloy at elevated temperatures. The coating is essentially a Mn-Co-O spinel, applied in powder form, and compacted to improve its green density. A simplified model is presented that allows an assessment of the effects of the contact and scale geometries. For 850 o C, an ASR can be predicted of approximately 0.5Ωcm 2 , after 50,000hrs in air, taking into account a factor of 10 penalty for unfavorable contact geometries. The effect of the densified Mn-Co spinel coating is to reduce significantly Cr 2 O 3 sub-scale formation, lower the thermal expansion mismatch, and increase the electronic conductivity of the scale.
Introduction
Interconnects in solid oxide fuel cells (SOFCs) , which can keep the cell power density and durability at the same level as those high temperature SOFCs. This progress is achieved by reducing the thickness of the conventional doped zirconia electrolytes [1] [2] [3] and/or by the development of new electrolytes with better oxide-ion conductivity than the traditional yttria stabilized zirconia (YSZ) [4] [5] [6] . At about 800 o C, high temperature oxidation-resistant ferritic steels are considered to be the most promising interconnect materials. Among these alloys, chromium based alloys [7] [8] [9] are mostly studied because they have a number of advantages: (1) The coefficient of thermal expansion, CTE, of ferritic Cr-based alloys is close to that of other cell components. For example, the CTEs of a LSM (lanthanum strontium manganate) and a 430 Fe-Cr alloy are 11-13x10 -6 and 9-12x10 -6 K -1 , respectively [10] . (2) Cr-based alloys, especially stainless steels such as the 430 or 446 ferritic alloys, are low cost and have excellent machinability. However, particularly in oxidizing atmospheres, the formation of chromia scales leads to high contact resistances deleterious to the fuel cell performance. In addition, volatile Cr species can be released from the Cr 2 O 3 scale, depending on the temperature and partial pressures of H 2 O and O 2 [11] . The presence of the volatile chromium species, notably CrO 2 (OH) 2, in the cathode of an SOFC is known to cause rapid cathode poisoning and performance degradation. [12] Improving the electrical properties of the oxide layer that forms on a metallic interconnect requires suppressing the formation of the resistive Cr 2 O 3 phase, and promoting the formation of more conductive phases. Further, the transport of Cr to the gas-phase must be inhibited by a dense protective coating. The effectiveness of the coating must be maintained for very extended periods, e.g. 50,000hrs or more [13] .
In the present work, a dense Mn-Co containing surface oxide coating is reported that was produced on a commercial 430 stainless steel, forming an electronically highly conductive, protective spinel, and involving solid-state reaction with Cr 2 O 3 during oxidation of the steel.
Solid-state reaction can be an economical process compared to plasma spraying or chemical vapor deposition. Previous studies by Huang et al. [14] , indicated that the electronic conductivity of Cr 2 O 3 can be improved by the incorporating and Co and Mn, as would result from the reaction with a Co-Mn oxide coating.
Quadakkers et al. [15] showed that a Mn-Cr-O spinel phase instead of Cr 2 O 3 was formed as the contact layer between LSM cathode and the Cr-based alloy interconnect during oxidation due to solid-state and gas phase transport of chromium species. This transport led to the formation of a CoCr 2 O 4 spinel when the coating was LaCoO 3 , and to the formation of MnCr 2 O 4 when the contacting material was LSM. The formation of this spinel near the interface with the Cr-based alloy can produce a local enrichment of La in the middle of the coating. As a result, La 2 O 3 that is formed may hydrolyze in water containing atmospheres, leading to mechanical degradation of the coating. Early investigations by Wickham and Croft [15] and by Naka et al. [16] have shown that Mn-Co-O spinel has a high electronic conductivity, and could be a useful electrode in a number of electrochemical devices. The high electronic conductivity follows when mixed valence ions are present on the same spinel sublattice, facilitating electron transport.
Larring and Norby [17] reported that a Mn-Co-O spinel was able to reduce Cr interdiffusion significantly between a Plansee alloy and a contacting LSM/LSC (lanthanum strontium manganate/ lanthanum strontium cobaltate) mixed perovskite when it was introduced as an interlayer, also leading to an ASR (area specific resistance) of the metal/ceramic interface of only 0.024 ohmcm 2 after 10,000 hours at ~950 0 C, in air. Badwal, et al. in a recent patent [18] reported oxide coatings containing at least one metal, M, selected from the transition series Mn, Fe, Co and Ni. An M-Cr spinel layer would develop between the metal substrate and the coating layer by the reaction of the oxide with the surface chromium oxide that forms on the alloy substrate.
The present work considers further the use of a Mn-Co-O spinel coating on a 430 stainless steel, forming a protective layer that slows the chromia scale formation significantly while maintaining a low interface resistance, and it examines its behavior under thermal cycling, and comments on the role of contact geometry. Possible mechanisms involved in the modifications to the oxidation kinetics are also discussed. [19] . The molar ratio of glycine-to-metal ions was 2:1. After combustion, the spinel powder was calcined at 1100 o C in air, for 2 hours, to remove residual carbon. The powder was attritor-milled in isopropanol, for 1 hour, at 550 rpm. The various materials were compacted and sintered into pellets suitable for thermal expansion measurements by dilatometry and for electrical measurements.
Experimental

Spinel coating powder preparation
Electrical properties determination
After drying, the attritor-milled spinel powders were compacted into pellets in a 2 cm diameter steel die, at about 70 MPa. The pellets were sintered at 1300 o C/4h in air, and their conductivities were determined every 50 o C by a four-probe method, similar to the one used by
Huang et al. [14] , but using gold rather than platinum paste. The results of the measurements, together with literature data on Cr 2 O 3 conductivities [20] , are shown in Fig. 1 
Coating method and oxidation heat treatments
A commercial ferritic 430 stainless steel (150µm thick) was selected for this study, because of its low cost, ready availability, and suitable chromium content. The composition, provided by the supplier, is shown in The samples were heated first at 800 0 C for an initial oxidation, for 60 hrs, in stagnant air.
This treatment served to densify the sprayed-on coating, and to form an initial Cr 2 O 3 scale. 
Results and discussions
Thermal expansion measurements.
The results of the differential thermal expansion measurements, with LSM as a reference, are listed in Table 2 . The CTE of MnCo 2 O 4 is nearly identical to that of LSM, while the incorporation of Co in (Mn,Cr) 3 O 4 spinels significantly reduces the ∆CTE with LSM or 430 SS.
A low ∆CTE is essential for forming scales that can adhere up to some large critical thickness.
Effects of coating compaction
Cross-sectional SEM (scanning electron microscope) images of Sample B and Sample C after the single initial oxidation in air at 800 0 C, for 60 hrs, are compared in Fig. 2a and 2b. It is evident that the compaction of the as-deposited coating improved the density of the coating layer very significantly. Without this compaction, the as-deposited Mn-Co-O spray coating remains porous, providing poor protection. Therefore, the density of the deposited coating prior to firing needs to be high, as may be achieved either by mechanical compaction or by alternative deposition processes such as electrophoresis. In this work, other coating application methods
were not examined, and only mechanical compaction was pursued.
Oxidation Kinetics and cyclic oxidation
Samples of type A and C, after the initial oxidation, were suspended in a Cahn microbalance, in stagnant air, for 120 hrs, and weight gains were recorded over time Table 3 , characterizing the rate of weight gain, d∆W/dt, as a result of oxidation can be defined by (∆W) 2 =k g t. The scale structure in the present case is complex and, as a result, a corresponding simple parabolic rate constant for the thickness increase can not be readily defined.
For comparison of the different oxidation rates obtained by others, however, an effective parabolic rate constant, k p eff , may be defined assuming that the weight gain is due entirely to the formation of a dense Cr 2 O 3 layer, although part of this chromia scale will react with the coating.
With this assumption, and in µm/√hour, is defined by [14] : µm/√hour at 800 o C, corresponding to a 50,000hr-800 o C projected effective chromia scale thickness of about 20µm. Huang et al. [14] reported that for an Ebrite alloy with an yttrium reactive element coating k p eff at 800 o C was 4x10 -2 µm/√hour. For a 50,000hr exposure at 800 o C, this would also lead to a little more than an ~10µm effective scale thickness of Cr 2 O 3 . Thick scales are very likely to spall off, as the oxidation of the uncoated steel shows. An additional requirement for the coating and the scale that it forms on oxidation is that the area specific contact resistance (ASR), has to remain within acceptable limits.
Scale microstructures
Optical microscopy (KEYENCE VH-Z450 optical microscope) of the surfaces of the uncoated steel, Sample type A, after a 120hr cyclic oxidation at 850 o C clearly showed extensive spalling of the scale, Fig.4a ; the apparently low oxidation rate of the unprotected steel (sample type A -Fig 2 ) is therefore the result of repeated spalling/reoxidation events, in which scale regrowth starts again after the scale is removed. Scale spalling was almost complete upon cooling sample type A once to room temperature after a 120hr isothermal oxidation at in diameter). The EDX line scans indicate that Cr has been incorporated to some extent into the coating, but at a concentration significantly lower than for Cr 2 O 3 . This suggests that Cr evaporation may be expected to be strongly reduced as well, but direct measurements of Cr loss remain to be made.
Areas Specific Resistances (ASRs)
The electrical resistances of sample type C (coated), after thermal cycling, and Sample hrs, is as low as 2.5x10 -3 ohmcm 2 . This is the lowest value obtained so far for a coated 430 SS at 850 o C, particularly under similar thermal cycling conditions.
Mechanisms
The oxidation rate measurements and EDX data suggest plausible mechanisms for the oxidation of the coated and the uncoated samples. For the unprotected steel, during the initial oxidation Mn in the alloy is preferentially oxidized, leading to the formation a Mn-Cr spinel surface layer that is not protective, and continued oxidation forms a Mn-containing Cr 2 O 3 scale that grows essentially unimpeded. For the coated steel, the dense Mn-Co-O layer has several beneficial effects: it eliminates the oxidation of Mn in the alloy, since the oxygen potential at the coating/alloy interface is effectively lowered; it significantly reduces the chromia subscale growth by blocking oxygen ingress; it improves the overall coating adherence, probably due to the formation of a thinner and more compact Cr 2 O 3 scale; it introduces Co in the overall oxide layer on the alloy surface, which has the effect of significantly increasing its electronic conductivity, as well as lowering the thermal expansion to values more compatible with that of the steel. A similarly simplified model may be used to evaluate the case of disk-shaped contacts of radius a, with edge to edge spacing L. Such a model leads to the approximate expression The following strategies for reaching tolerable contact resistances can be considered:
ASR, contact geometry, and scale thickness
• Introduce various doping elements to reduce R o further • Changing the contact geometry to increase Y(m,k) • Changing the temperature of operation • Using alloys such as Plansee or ODS alloys, with materials and processing cost penalty As discussed by Huang et al., [14] the benefit of reducing the temperature of operation of the fuel cell will depend on the effective activation energies of k p eff and R o , E a,ox and E a,el , with E a,ox ∝ ½ ln k g . Obviously, benefit at lower temperatures only results if E a,ox >E a,el . Activation energies for oxidation of various Fe-Cr -containing alloys have been determined by several authors. While these do not necessarily apply to the steel protected by a complex scale, it is reasonable to assume that they will generally be of comparable magnitude in the present case.
Brylewski et al. [23 ] cite activation energies of about 200 kJ/mole, i.e. about 2eV. Under these conditions, with E a,ox about 1eV, a lowering of the temperature of operation to 700 o C would bring the ASR down to below 0.1Ωcm 2 even if Y(m,k)~0.1.While further measurements, particularly for extended times at lower temperatures remain to be made, the analysis provides a plausible argument for reducing the operating temperatures of SOFCs that use protected coating on ferritic stainless steels, such as the 430SS used here, to 700 0 C or below.
Conclusions
1. An effective, dense and well adherent coating was produced on 430SS that has the result of significantly reducing the oxidation rate of the alloy. The coating is essentially a MnCo-O spinel, applied in powder form, and compacted to improve its green density.
2. A simplified model has been presented that allows an assessment of the effects of the contact and scale geometries.
For 850
o C, an ASR can be predicted of approximately 0.5Ωcm 2 , after 50,000hrs in air, taking into account a factor of 10 penalty for unfavorable contact geometries.
4. The effect of the densified Mn-Co spinel coating is to reduce significantly Cr 2 O 3 subscale formation, lower the thermal expansion mismatch, and increase the electronic conductivity of the scale.
5. The findings point to several potential remedies for achieving coatings on commercial stainless steel alloys that allow for metal interconnects with a service life of 50,000hrs or more.
Considering contact geometries, such service life is unlikely to be possible above operating temperatures of about 700 o C, unless highly specialized alloys are used, with potential processing and cost penalties.
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